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ABSTRACT

Powder compacts having a nominal composition of YBa2Cu 06+6 were
sintered in air at temperatures between 910 and 940°C in a :
loading dilatometer that permitted the application of small,
controlled uniaxial stresses to the sintering compact. The
highest density of 95% of the theoretical was obtained after
sintering without load for =2 hours at 935°C. The application of
constant, small uniaxial stresses produced extensive shear
deformation and a small .increase in the densification rate. The
measured ratio of the densification rate to the creep rate
provided strong support for the presence of a liquid phase during
sintering. The data allowed the measurement of the ratio of the
creep viscosity to the densification viscosity, which was =0.8
over the density range 0.6-0.8, and the sintering stress, which
was =400kPa. These data show that extensive shear deformation
and significant increases in the densification rates may be
- achieved by the application of relatively small uniaxial stresses -
(=1 MPa) during sintering of YBaZCu306+6 powder compacts. .

1. INTRODUCTION

*Member,‘the American Ceramic Society
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The discovery by Bednorz and Mullerl of sﬁperconductivity
above 30K in the La-Ba-Cu-0O system, and the more recent discovery
of superconductivity above 90K in the Y-Ba-Cu-0 system by Chu and

4'6, have been reviewed briefly

coworkersz’3,.and later by others
by Clarke7. The superconductivity in the Y-Ba-Cu-0 system was
attributed to an yttrium barium cuprate phase, YBaZCu306+6, with
a crystal structure based on a distorted oxygen-deficient

4perovskite.8'11

Initially, fabrication of the high temperature
superconducting oxides appeared to be carried out with minimal
control of the densification process and the ﬁicrostrﬁctural
parameters, and difficulties were reported in achieving densities
over -90% of the theoretical one. The control of microstructure,
and particularly grain size, grain boundary porosity and pore
network morphology are important factors in optimizing the
current carrying capabilities and the ease of conversion to the
orthorhombic phase. In some applications, eg. when high
mechanical strength is needed, near-theoretical densities may be
required, while in others, the ease of rapid conversion to the
orthorhombic phase may require as high a density as is possible
while maintaining a fully connected pore netwbrk. The present
study is intended to clarify some of the parameters that affect
densification and the mechanisms that_are likely to be involved

in the densification process.

This paper reports on an investigation into the sintering -of
powder compacts with a nominal composition of YBaZCu3O6+6. The
superconducting properties of the sintered samples, and others

sintered under different conditions will be the subject of a



subsequent report. The powders were prepared by solid state
reaction, and the sintering experiments were carried out in air
at temperatures between 910 and 940°C in a loading dilatometer.

12,13

The technique of loading dilatometry, which combines

densification measurements with simultaneous, low-load uniaxial

creep measurements, has been shown to assist in clarifying some
aspects of the sintering process in a number of materials.1*"17
It would be of interest to apply the technique to the sintering

,Of YBa2Cu3O6+6.

2. EXPERIMENTAL PROCEDURE

Powders of the ceramic superconducting compound with a
nominal composition of YBa20u306+5-(6 undetermined) were prepared
by solid state reaction between YZQB*’ Cu0+, and BaC03#, at
850°C, for 24 hours. . These powders were milled while.dispersed
in anﬁydrou5't01uene in a polyethylene container using high
purity zirconia balls™" as a milling medium. The calcination at
850°C produced a very friable powder that was easily ground with
a morter and.pestle. X-ray examination of the calcined powder -
showed it to be single phase Y13a2Cu306_hs té within.the detection
limit (=1%). The resulting powder (=1 um average particle size)
was dried and stored in a vacuum desiccator prior to use. Small
cylindrical compacts (6mm in diameter by 5mm) with a relative
density of =0.50 * 0.01 were prepared by uniaxial pressing in a
die at =20 MPé. |

For the sintering studies, the samples were held in the

Y203: purity 99.999% +, Sigma Chemical Co., St. Louis, MO 63178.
CG0Y purity 99.999% +, Aldrich Chemical Co., Milwaukee, WI 53231.
BaC03: purity 99.999%, Noah Chemical Co., Farmingdale NY 18229.

*x Toya Soda, USA, Inc., 1700 Water Place, Suite
204, Atlanta, GA 30339.



dilatometer and then introduced rapidly into the dilatometer
furnace which was keﬁt at 800°C. After reaching thermal
equilibrium (=10 min) the sample was heated at a constant rate of
5°C per min to the isothermal sintering temperature. To study
the effeét of temperature on densification rate, experiments were

performed between 910 and 940°C under no applied load.

For the creep-sintering experiments, conducted at 915°C, N
constant loads of 0.2 and 0.4 N, corresponding initially to
stresses of 70 and 140 kPa, were applied to the sintering
compact. The temperature of 915°C was chosen so that
densification was almost'complet;d within 2 h. For these
experiments thé load was applied immediately after the isothermal
sintering temperature was reached, at which time the density of
the sample had increased to 55% of the theoretical. After

sintering the densities of the samples were verified using

Archimedes’ principle.

In a separate set of experiments, creep-sintering was
terminated after times between O and 2 h, and the dimensions of
these compacts were measured using a micrometer. Fracture
surfaces, and polished and etched surfaces were examined by
scanning electron microscopy. A solution of 40% HF was uﬁed as
the etchant. The average grain sizes of four separate specimens
were measured from polished and etched surfaces of samples

sintered for 5, 20, 60 and 120 min.

3. DATA ANALYSIS

The experimental measurements provided data for the change in



length and radius of the sample with time. The data were
converted ﬁo true strains by using the definitions appropriate
for large defo:mation. If L(t) and R(t) are the time-dependent
length and radius, respectively, of the sample, then the‘axial

strain rate, ¢,, and the radial strain rate, €_, may be written

r!
as

éz = d[1ln (L/L,)]/dt ) _ (1)
¢ = d[ln (R/R.)]/de (2)

where L, and R, are the initial length and radius, respectively.
The creep strain rate, éc’ and the volumetric densification rate,

ép can then be calculated from the relations'®

*

Ee = (2/3)(E,-8,) . (3)
E) = b/30 = ey + 28 o)

where p is the relative density. If the externally applied
uniaxial stress on the sintering compact is o, then the mean

hydrostatic stress experienced by the compact is

o, = Z/$ = 0,/3 (5)

" where £/¢ is the sintering stress due to reduction in surface

19-21 called the stress

area, and ¢:is a porosity-dependent term
inteﬁsification factor. Accérding to Eq. (5), the term.Z/4 has
_the same effect on densification as an externally applied
compressive hydrostatic stress‘of the same magnitude.

During the experiment, the cross-sectional area of the sample



changed with time and is given A = rR2. Using Eq. (2), then
A=A, exp(Zei) , (6)

Qhere A, is the,initial cross-sectiénal area of the sample given
by A, = xR.z. iﬁe total load on the sample consisted of a
constant load, P, (0.2 and 0.4 N). applied by an electromagnetic
loading device, and a small load, S, due to the dilatometer
spring that is required to maintain contact between the push rod
and the sample. The spring load, S, was mesured as described

earlier16

., and was found to decrease approximately linearly from
=0.01 N to zero during shrinkage of the sample. The uniaxial

stress on the sample is then given by

o, = (B + 5)/[As exp(2¢.)] 7

4. RESULTS

The effects of temperature and low uniaxial stresses on the
sintering of YBaZCu3O6+6 powder compacts are described separately

in the following sections.

(1) Effect of Temperature

Figure 1 shows thg axial strain, €, VS time for samples
sintered in air at temperatures between 915 and 935°C under no
applied load. At any time, the shrinkage increases significantly
within this temperature range. At the end of the experiment (2
h) the radial strain, €.s Was slightly less than the axial

strain,”i.é. € g =f0;95€zf, and this was believed to Be-due'to'

6
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the effect of the dilatometer spring load.

The relative density, p, shown in Fig. 2, was calculated from
the shrinkage kineties using Eq. (4), and by assuming that the

same proportionality constant existed between €, and €

throughout the course of an experiment. A value of 6.35 Mgmf3

was taken as the theoretical density of the single-phase
YBaZCu3O6+6 compound. The final densities calculated from the
initiai density and the shape changes were within 2% of the
values obtained using Archimedes’ method. At any value of -p, the
densification rate increases rapidly with temperature and, in the
temperature range used, the densification has almost s;opped
after =2 h. The_finalkdensity increases with the sintering
temperatures shown, but above =935°C there is almost no further
increase. Below =910°C densification is relatively slow. A
temperature range of 920 - 940°C is therefore appropriate for

sintering these samples to high densities in air.

The final densities of 0.87 to 0.95 obtained at the different
sintering temperatures in this work compare quite favorably with

22 23

those obtained by Cima and Rhine““ and by Chu and Dunn”~ using

more elaborate processing techniques, and are higher than those

24,25

reported by others using more conventional powder processing

techniques.
(2) Effect of Low Applied Stress
The experiments to ‘investigate the effect of low applied

uniaxial stress on the sintering of YBaZCu3O6+8 powder compacts

were carried out in air at 915°C. "Figure 3 shows the reswlts for

the axial strain, €, vs time for -the samples sintered under

7



initial stress of 0, 70, and 140 kPa. Each curve is the average
of two experiments under the same condiﬁions, and t = 0
represents the attainment of the isothermal sintering
temperature. The applied streésés cause a significant increase

in ei at any time. The extent of ﬁhis increase is much larger
than those seen in similar experiments on pure, single-phase,
polycrystalline oxidesla’15 but is comparable to those observed
for materials that sinter by viscous flow16 and liquid-phase17
mechanisms. In Fig. 4, the data for €, are plotted vs the radial
strain, € for the uniaxial stresses used. 'The intersection of
the data at €, =€, z0.03‘represents the time at which the

isothermal sintering temperature was reached, when the stresses

were applied rapidly.

The data of Figs. 3 and & were.used to calculate the creep
strain, €er and the relative density, p, according to Egs. (3)
and (4), and the results are shown in Figs. 5 and 6. The applied
stresses cause extensive creep buﬁ only a small increase in the
density, as observed earlier for other ceramic powders.14'17 In
Fig. 5 the small creep strain (<l%) observed for the sample
sintered under "zero" load, i.e. P = 0 in Eq. (7), may be due to
the small spring load, S, of the dilatometer. The final
densities of the samples.sintered under applied stresses of 0 and
140 kPa are 0.87 and 0.90, respectively. .The data for the

density-of the sample sintered under-a stress of 70 kPa have been

omitted from Fig: 6 to preserve clarity.

The creep strain rate, éc' and the volumetric densification
rate, ép, were calculated from Figs. 5 and 6 by fitting smooth
curves to the data and differentiating. - As in previous workla’l6
the data for éc had to be corrected for the increase in the

applied stress due to the changing cross-sectional- area during



sintering (eq. (7)). The éc values werg evaluated at a constant
stress based on the initial area of the compact and by making use
of the observation that éc increased 1inear1y with applied
stress; the correction for ép was negligible.. Figure 7 shows the
d;ta for éc and ép vs relative density, p, at constant applied
stress, o,. The curves have similar shapes, and the stresses are

seen to cause large increases in the creep rate but only small

. . ~ . l4-]
increases in the densification rates, as observed earlier. 17

The scanning electron micrographs of poiished and etched
surfaces of samples sintered for 5 min and 2 h are shown in Fig.
8(a) and (b). The grains are initially equiaxed butlhave'a
fairly wide distribution of sizes. During densification the
grains grow and also become elongated. . After sintering for 2 h
at 915°C the average grain size is =5 pm along the c-axis and
=2.5pum perpendicular to the c-axis, giving an aspect ratio of

about 2.

5. DISCUSSION

Previous work on other ceramic powder§14:17 has established
that the ratio ﬁf the densification rate to the creep rate, i.e.
ép/éc, is approximately constant during the intermediate stage of
sintering, and that this ratio is specific to the system under
investigation. It would be of interest to compare the data for

the YBa2Cu306+8 system with those for other ceramic powders.

The volumetric densification rate, Ep, and the creep strain

rate, € may be expressed simply by the equations26

c,

i) =S/ + 0 /D - ®



and

€c = 95/M¢ o (9
where "p and n. are the effective viscosities for densification

and creep, respectively. Equations (8) and (9) give
ép/éc = (/1) [(F/$)/a, + 1/3] ~10)

The ratio ép/éc can be found from the data of Fig. 7; the results
are plotted in Fig. 9 together with those for a selection of
14 15 (in which

materials studied earlier, i.e. CdO and ZnO

- sintering occurs by solid state diffusion), a soda-lime g1a5516
(viscous flow), and MgO + 5w% 3120317 (liquid phase). For
YBaZCu3O6+6 as well as the other materials indicated, this ratio
is nearly constant over most of the intermediate stage of
sintering. It is interesting to note that Ep/éc for YBa,Cu,0( ¢
falls between the data for the solid state sintering materials
and the glass, but is very close to the data for the MgO-Bi203
system that sinters by a liquid phase mechanism. The ép/ép data
for YBa20u306+6 can be seen as evidence for densification in the
presence of a liquid phase in this system.
The ratio of the creep viséosity to the densification
viscosiFy, nc/np, is basic to the understanding of the
interaction between densification and shear deformation. Its "
measurement is, however, somewhat difficult since it requires the
simultaneous measurement of creep and densification data on the
same sample and to a high precision. In addition, ﬁhe applied
stresses should be sufficient to produce a measureable increase

in the densification rates but low enough to prevent a change in

10



the sintering mechanism. The present data provide a good
opportunity for evaluating qc/np. The creep viscosity, n_, at
" different values of p was calculated from linear plots of éc vs

g (Eq. (9)). Because of the small increase in the

z'
densification rates for the stresses used in this work, n, vas

estimated from the equation
n, = (02/3)[ép(az = 140 kPa) - ép(az = 0)] | (11)

The data gave values for "c/”k of 0.7,'039 and 0.8 for »p =\0.6,
0.7, and 0.8, respectively. Assuming an average value of =0.8
over this density range, the sintering stress, ‘Z/¢, was |
calculated dsing Eq. (10) and found to be =400 kPa. The value of
nc/qp =~0.8 is about half the valuevobtained for the Mg0-8120317
system in which sintering occurs by a liquid phase mechanism, and
is consistent with the low values predicted by Scherer 27,28 from
an analysis of the effective moduli for shear and bulk ‘
deformation. From the present data it is evident that relatively
small uniaxial stresses (=1 MPa) can produce extensive shear

deformation in addition to small but measurable increases in the

densification rates during sintering of YBaZCu306+56+6 powder

compacts in air.

6. CONCLUSIONS

” This study which was performed to achieve a better
understanding of the densification process in YBaZCu3O6+5 powder
compacts has, in addition, provided data for the measurement of a
number of important creep and densification parameters. The data
show many similarities with those for other ceramic systems

studied earlier.

11



A temperature range of 920 - 940°C was found to be
appropriate for achieving high densities by conventional,
pressureless sinterihg in air. The highest densities .of =95% of

the theoretical was obtained by sintering for 2 h at 935°C.

Small uniaxial stresses (<150 kPa) applied during sintering
produced extensive creep deformation and a small but measurable
increase in the densification rate. The measured ratio of the
densification rate to the creep rate provided evidence for

densification in the presence of a liquid phase.

The data allowed the measurement of -the ratio of.the creep
viscosity to the densification viscosity, which was nearly
constant at =0.8 in the density range 0.6-0.8, and the sintering
stress, which was =400 kPa. These results show that extensive
shear deformation and significant increases in the densificaiton
rates can be produced by the application of relatively low

uniaxial stresses (=1 MPa) during the sintering of‘YBaZCu306+6.
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FIGURES

FIG. 1.
FIG. 2.
FIG. 3.
FIG. &4.
FIG. 5.
FIG. 6.
FIG. 7.
FIG. 8.
FIG. 9.

Axial strain vs time for YBa2Cu3O6+6 powder compacts

sintered in air at the temperatures shown in °C.

Relative density vs time calculated from Fig. 1.

A\
Axial strain vs time for YBaZCu306+5 powder compacts
sintered in air at 915°C under uniaxial stresses shown

in kPa:

Axial strian vs radial strain for the experiments

described in Fig. 3.

Creep strain vs time calculated from Figs. 3 and 4, and

Eq. (3).

.

Relative density vs time calculated from Figs. 3 and 4,

and Eq. (4).

Creep rate, éc’ and densification rate, ép, vs relative

density at constant uniaxial stresses shown in kPa.

Scanning electron micrographs .of polished and etched
surfaces of Y332Cu306+6 powder compacts sintered in air

at 915°C for (a) 5 min, and (b) 2 h. Bar = 4um.

Ratio of the densification rate to the creep rate vs
relative density for YBa,Cu,0(, . compared with the data
for other ceramic powders studied earlier. The data

have been normalized at a constant uniaxial stress of 200 kPa.
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